In Brief
Liebscher et al. demonstrate that sensorimotor circuits are differentially affected by neurodegenerative processes in AD transgenic mice. While visually driven and motor-related activity in V1 is reduced, responses elicited by a mismatch between actual and expected visual flow are selectively spared.
SUMMARY
Neurodegenerative processes in Alzheimer's disease (AD) affect the structure and function of neurons [1] [2] [3] [4] , resulting in altered neuronal activity patterns comprising neuronal hypo-and hyperactivity [5, 6] and causing the disruption of long-range projections [7, 8] . Impaired information processing between functionally connected brain areas is evident in defective visuomotor integration, an early sign of the disease [9] [10] [11] . The cellular and neuronal circuit mechanisms underlying this disruption of information processing in AD, however, remain elusive. Recent studies in mice suggest that visuomotor integration already occurs in primary visual cortex (V1), as it not only processes sensory input but also exhibits strong motor-related activity, likely driven by neuromodulatory or excitatory inputs [12] [13] [14] [15] [16] [17] . Here, we probed the integration of visual-and motorrelated-inputs in V1 of behaving APP/PS1 [18] mice, a well-characterized mouse model of AD, using two-photon calcium imaging. We find that sensorimotor signals in APP/PS1 mice are differentially affected: while visually driven and motor-related signals are strongly reduced, neuronal responses signaling a mismatch between expected and actual visual flow are selectively spared. We furthermore observe an increase in aberrant activity during quiescent states in APP/PS1 mice. Jointly, the reduction in running-correlated activity and the enhanced aberrant activity degrade the coding accuracy of the network, indicating that the impairment of visuomotor integration in AD is already taking place at early stages of visual processing.
RESULTS
To probe the integration of multimodal inputs in primary visual cortex (V1), we recorded both sensory-and motor-related activity during active behavior by two-photon imaging of layer 2/3 neurons expressing the genetically encoded calcium indicator GCaMP6m [19] ( Figures 1A and 1B) . We used mice at the age of 10-11 months, when cortical plaque load in APP/PS1 [18] mice is prominent. We employed a visual flow feedback paradigm, in which the velocity of a mouse running on a spherical treadmill was coupled to visual flow feedback generated by drifting vertical gratings presented on either side of the mouse (feedback, closed loop; Figure 1C ). We first assessed how many neurons were active (see Supplemental Experimental Procedures) under this condition in both wild-type (WT) and APP/ PS1 mice and found significantly fewer active neurons in APP/ PS1 mice ( Figure 1D ). In a previous study, altered neuronal activity patterns in anesthetized mice were linked to amyloid plaque proximity [5] . We therefore analyzed the plaque distance of active and non-active cells in awake mice but did not observe a difference (Figures S1A-S1D ).
Locomotion elicits responses in a substantial proportion of neurons in V1 [13, 17] (Figure 1E ). If projections driving these responses are impaired in APP/PS1 mice, activity in V1 evoked by running with visual feedback should be reduced. Indeed, we observed both quantitative and qualitative differences in the neuronal responses during locomotion in APP/PS1 mice. The fraction of neurons that were strongly driven (see Supplemental Experimental Procedures) by running with feedback was significantly lower in APP/PS1 mice ( Figures 1F and 1I) . Furthermore, the average population response of all active neurons to running with feedback was markedly reduced in APP/PS1 mice (Figure 1J) . Recently, inhibitory neuron subtypes in V1 were suggested to be particularly responsive to locomotion [16] . We hence performed post hoc immunohistochemical stainings of neurons imaged in vivo, probing for the two main inhibitory subtypes reportedly being driven by locomotion, i.e., parvalbumin (PV)-and vasoactive intestinal peptide (VIP)-expressing neurons ( [16] , Figures S2A and S2B) . We found strong motor-related population responses not only in putative excitatory (that is PV and VIP negative neurons), but also in PV-and VIP-expressing interneurons in WT mice. Motor-related responses were reduced in APP/PS1 mice in all three cell types ( Figures S2C and S2D) .
We next asked whether the reduced activity during running with feedback in APP/PS1 mice was caused by an impairment of the responses to visual input or to running. To disentangle the contribution of both response types, we recorded neural activity during a playback session, in which the visual flow pattern of the previous feedback session was re-played in an open-loop configuration with running velocity now uncoupled from visual flow. Visually driven responses were assessed during stationary phases in the playback session. Running-related responses, on the other hand, were probed in a dark session, in which all visual input was removed. We found that the fraction of neurons strongly driven by playback was significantly smaller in APP/ PS1 mice ( Figures 1G and 1K) . Moreover, the average population À4 , WT n = 21, APP/ PS1 n = 22) (I) and the average population response to running with visual feedback (Student's t test for the difference of the area under the curve [0.5-2 s upon respective onset (gray box)], p < 10 À40 ) (J) is significantly reduced in APP/PS1 mice, an effect that was also observed in inhibitory neurons (see Figure S2 ).
(K and L) Fraction of cells strongly driven by passive playback (K) in each experiment is also significantly lower (rank-sum test, p < 10 À3 , WT n = 21, APP/ PS1 n = 22) in APP/PS1 mice, as is the population response to playback (L) (Student's t test, p < 10 À21 ).
(M and N) The fraction of neurons driven by running in the dark in each experiment does not differ significantly between genotypes (rank-sum test, p = 0.5, WT n = 21, APP/PS1 n = 22) (M), while the average population response to running in the dark is reduced in APP/PS1 mice (Student's t test, p < 10
À3
) (N). Differences in population responses were not due to differences in running or playback velocities (see Figure S3 ). Data in (D), (I), (K), and (M) represent mean ± SEM. In total, 1,399 neurons in 21 experiments in WT mice and 1,350 neurons in 22 experiments in APP/PS1 mice were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001. responses to both playback and to running in the dark were reduced in APP/PS1 mice ( Figures 1L and 1N ). These differences were not attributable to differences in running velocity ( Figure S3 ; Supplemental Experimental Procedures).
Visual stimulation induced by playback of the previously generated visual flow was restricted to only one direction of motion and consisted of rather low temporal frequencies (average within first second after onset: 0.7 [0.01; 1.72] Hz, data are median [interquartile range] of all playback onsets), essentially resulting in a suboptimal stimulation of neurons in V1 of awake mice [20] . To more comprehensively quantify visually driven responses, we recorded neural responses to conventional grating stimuli moving in eight different directions at a temporal frequency of 2 Hz (Figure 2 ). These analyses further substantiated our findings of reduced responsiveness to visual stimuli ( ; rank-sum test, p = 0.84, data are mean ± SEM), however, did not differ significantly between WT and APP/PS1 mice ( Figures 2F-2H ). Together, these data indicate that the reduced responsiveness to running with visual feedback in APP/PS1 mice may be based on an impairment of both neuronal circuits, those conveying visual signals and those providing information about running velocity.
Which mechanisms might underlie the observed reduction of visual-and motor-related responses? There is increasing evidence for an involvement of neuromodulatory inputs in driving locomotion-related neuronal activity in V1, in particular, for acetylcholine and noradrenaline (NA) [15, 16] . Reduced responses in APP/PS1 mice could hence be based on neuromodulatory deficits, which are characteristic for AD patients [21] [22] [23] [24] . A simple means of probing neuromodulatory function in behaving animals is tracking the pupil diameter [25] [26] [27] . In fact, we observed indirect evidence for a functional noradrenergic deficit when we analyzed pupil size in feedback sessions. APP/ PS1 mice showed strongly reduced pupil diameters ( Figures  S4A and S4B) , similar to what has been observed in AD patients [28, 29] . Recent studies have demonstrated that locomotion and even short periods of brain-state changes during quiescence are associated with pupil dilation, most likely mediated by noradrenergic inputs [15, 25, 30] . The locomotion-associated pupillary response, consisting of dilation and a ventronasal shift of the pupil, however, was still preserved in APP/PS1 mice ( Figures  S4C-S4H ). Our findings hence are in line with previous studies reporting an impairment of the noradrenergic system in AD mouse models [31] [32] [33] .
Normal function of neural networks hinges not only on undisrupted input, but also on a correct integration of different input streams. A signal that is based on the integration of motorrelated and visual signals in mouse V1 is the sensorimotor mismatch response [13] . A mismatch response is elicited by a difference between actual and expected visual flow, caused by brief perturbations of the visual flow during running [13] . Surprisingly, we found that, despite a marked reduction in the responsiveness to both motor and visual input, sensorimotor mismatch signals were spared in APP/PS1 mice ( Figures 3A and 3B ). The fraction of neurons strongly driven by perturbations of visual flow did not differ between WT and APP/PS1 mice ( Figure 3C ). The mean population response in APP/PS1 mice even exhibited a slight increase in the mismatch response ( Figure 3D ). As the mismatch response depends on the running velocity at the time of perturbation [13] , we analyzed the tuning of the mismatch signal with respect to the running speed of the mouse and found no significant difference between genotypes ( Figure 3E ). Immunohistochemical analyses revealed that both excitatory and inhibitory cells (VIP, PV expressing) were strongly driven by sensorimotor mismatch (mismatch cells in WT: 18 excitatory, five PV, and seven VIP out of 30 re-identified mismatch cells in three mice; in APP/PS1: 37 excitatory, 11 PV, and two VIP out of 50 re-identified mismatch responsive cells in six mice). In contrast to the strong reduction in motor-related responses in APP/PS1 mice, these data argue for a particular resilience of the mismatch signal.
AD is characterized by alterations of neuronal structure, such as spine instability, spine loss, and neuritic dystrophies [34] [35] [36] , which affect neuronal connectivity. To test whether this, in turn, reduces the precision and reliability of neuronal responses, we probed the correlation of neuronal activity with running velocity in feedback sessions ( Figures 4A-4C ). In addition to an overall increase in the number of silent cells during feedback conditions (average fraction of silent cells per experiment WT: 0.32 ± 0.03, APP/PS1: 0.41 ± 0.03, rank-sum test, p = 0.015) and consistent with a reduced population response and a lower fraction of neurons responsive to running with feedback ( Figures 1G  and 1H ), we observed a strong reduction in the fraction of neurons positively correlated with running ( Figures 4A and 4B ) and a decrease of the strength of this correlation ( Figure 4C ) in APP/PS1 mice. We also noticed that a significant fraction of neurons was predominantly active during quiescent periods (Figure 1E , regions of interest (ROIs) 5 and 6). In WT mice, these quiescent periods are characterized by low levels of neuronal activity [13] . In order to quantify these presumably aberrantly active cells in APP/PS1 mice, we analyzed the fraction of neurons negatively correlated with running speed. Indeed, we observed a significantly higher fraction of neurons in APP/PS1 mice negatively correlated with running and hence predominantly active during quiescent periods both in feedback sessions ( Figures 4A and 4B ) and in the dark (fraction of neurons negatively correlated with running in the dark: WT: 0.09 ± 0.01, APP/PS1: 0.14 ± 0.01, p = 0.0013; positively correlated: WT: 0.25 ± 0.03, APP/PS1: 0.19 ± 0.01, p = 0.1, both Student's t test, data are mean ± SEM), an effect that was observed both in excitatory and inhibitory cells (Figures S2E and S2F ). These spontaneously active cells exhibited reduced neuronal activity during running compared to stationary episodes in both genotypes rank-sum test, data are mean ± SEM). These data suggest that motor-related inputs into V1 are sufficient to silence those aberrantly active cells, indicating that their functional integrity is not entirely lost. We again probed for a relationship between plaque distance and a cell's correlation with locomotion but did not find a difference in average distance to the nearest plaque between neurons positively or negatively correlated with locomotion (Figure S1E) . Given the higher fraction of neurons negatively correlated with running and reports on epileptiform discharges in AD transgenic mice [37, 38] , we next sought to investigate whether this aberrant activity occurs in a synchronized fashion. We thus computed pairwise neuronal correlations during quiescence and during locomotion. In line with a recent study [25] , we found that locomotion led to a slight reduction of the pairwise correlation of neuronal activity in WT mice (stationary: R = 0.065 ± 0.0014, locomotion: R = 0.053 ± 0.0016, data are mean ± SEM, rank-sum test, p < 10 À44 ; data not shown). To our surprise, we observed that during quiescence the average pairwise correlations of neuronal activity was significantly higher in WT compared to APP/PS1 mice (WT: R = 0.065 ± 0.0014, APP/ PS1: R = 0.037 ± 0.0016, data are mean ± SEM, rank-sum test, p < 10
À63
, data not shown). To assess whether neurons that were predominantly active during quiescence exhibit synchronous activity, we measured the pairwise correlation of running-negatively correlated neurons during quiescence and did not observe any significant difference between WT and APP/PS1 mice (WT: R = 0.04 ± 0.004; APP/PS1: R = 0.034 ± 0.0029, rank-sum test, p = 0.13, data not shown). Together these data indicate that the observed aberrant activity during quiescent states in APP/PS1 mice does not manifest in increased pairwise neuronal correlations and likely reflects uncorrelated noise. Finally, having shown that behaving APP/PS1 mice exhibit aberrant patterns of neuronal activity, we asked whether this affects the ability to decode running velocity from network activity. To address this question, we employed a machine learning algorithm (Random Forests Model, see Experimental Procedures) that was trained to decode running velocity based on neuronal activity. We indeed found the average decoding performance to be significantly reduced in APP/PS1 compared to WT mice ( Figures 4E and 4F) . To exclude that differences in overall activity levels between genotypes result in poorer decoding accuracy, we subsampled experiments in WT and APP/PS1 mice to match the distribution of the fraction of active cells observed in APP/ PS1 mice and found that this could not explain differences in decoding performance (mean cross-validation [R 2 ] in WT: 0.44 ± 0.01, in APP/PS1: 0.31 ± 0.01, mean ± SD, Student's t -test, p < 10 À140 ). To assess the number of cells necessary to reach saturation of decoding performance, we trained the algorithm on individual cells in each experiment and ranked all cells based on their decoding accuracy. We then decoded running velocity by adding neurons successively, starting with the neuron that yielded the best performance of the classifier, followed by the combination of the best and the second best neuron and so forth. The number of cells needed to reach saturation of decoding performance did not differ between genotypes ( Figure 4F) . Our data hence demonstrate that the representation of running velocity is less stable in visual cortex of APP/PS1 mice. The reduced reliability of neuronal activity ( Figures 4A-4C ) in concert with increased uncorrelated spontaneous activity may represent a general feature of AD pathology, likely affecting diverse neuronal circuits in AD. The number of cells needed to reach saturation of decoding performance did not differ between genotypes (six neurons per experiment). Data in (B) and (E) are mean ± SEM, *p < 0.05, ***p < 0.001.
DISCUSSION
To assess the impact of neuropathological processes typical of AD on information processing in awake animals, we here probed neuronal correlates of visuomotor integration in primary visual cortex of AD transgenic mice by means of two-photon calcium imaging. We found evidence for both hypoactivity/hyporesponsiveness and hyperexcitability in awake APP/PS1 mice. We observed fewer active cells in the visual feedback sessions in APP/PS1 mice, as well as strongly reduced responses to visual-and motor-related inputs. Interestingly, despite the reduction in overall activity and responsiveness we demonstrate that orientation and direction tuning of responsive neurons did not differ between genotypes. These findings are in contrast to a recent study, where an age-dependent reduction in stimulus selectivity was found in V1 of APP/PS1 mice [6] . The discrepancy might reflect differences in experimental condition, such as wakefulness versus anesthesia and usage of different calcium indicators and/or mouse strains.
What might cause the reduced cortical responsiveness? Visual responses in V1 are primarily driven by excitatory feedforward inputs from the lateral geniculate nucleus and shaped by top-down and lateral inputs [39, 40] . The circuitry underlying motor-related responses in V1, however, is less well understood. The fact that both visual-and motor-related circuits, which rely on very different neuronal connections, are jointly affected argues for a general AD-associated impairment of information processing, which may be based on impaired long-range connectivity. Indeed, a disruption of resting state functional connectivity between multiple brain areas has been described in AD patients [8, 41] and in APP/PS1 mice [42] . Changes in white matter integrity in AD have also been reported using diffusion tensor imaging in patients [43, 44] and animal models of the disease [45, 46] . Probably the most parsimonious explanation for the impaired connectivity is based on the well-characterized structural neuronal alterations accompanying the disease process, such as the instability and loss of synapses as well as the formation of dystrophic neurites [3, [34] [35] [36] . Neuronal hyporesponsiveness could, at least in part, be caused by a neuromodulatory deficit, which is known to occur both in AD patients [21] [22] [23] [24] and in AD transgenic mice [31] [32] [33] .
In addition to the hyporesponsiveness to visual-and motorrelated inputs, we observed an increase in spontaneous activity during quiescent states, which could reflect neuronal hyperexcitability [5, 37, 38] , potentially based on impaired inhibition [37, 38, 47, 48] . While the disruption of functional connectivity very likely per se already impairs brain function, the additional higher level of spontaneous, uncorrelated activity is further adding ''noise'' to the system. In fact, we found that the reduction in correlated activity together with an increase in aberrant activity degraded the coding accuracy of the network. We believe that this combination represents a common pathological mechanism in AD, likely affecting multiple brain circuits.
Interestingly, we found that the activity of aberrantly active cells was suppressed during running, indicating that these cells are still integrated in functioning circuits. In WT mice, locomotion has been shown to reduce the membrane potential variability and thus background firing rates of excitatory and parvalbumin positive inhibitory neurons in V1 [14, 15] , an effect that could provide an explanation for the reduction in neuronal activity in aberrantly active cells in APP/PS1 mice. The cellular mechanisms suggested to underlie this membrane potential stabilization involve direct neuromodulatory inputs [14, 15] as well as indirect neuromodulatory inputs acting on interneurons that shape the activity of excitatory neurons [16, 49] . Further studies are needed to elucidate the role of the different neuromodulatory systems and cell types in sensorimotor processing in neurodegenerative diseases.
Although we observed an overall reduction of visual-and motor-related signals in APP/PS1 mice, neuronal activity elicited by a mismatch between expected and actual visual flow was preserved, pointing to a specific resilience of this response. One explanation for this selective preservation of mismatch signals could be the fact that both visual-and motor-related inputs are scaled down to a similar extent, and hence the relative difference between both, which probably drives the mismatch signal, is maintained. Given that the mismatch signal seems to be plastic in nature [13] , it is also conceivable that homeostatic mechanisms counterbalance the decrease in input. Furthermore, we show that the tuning of the mismatch response, that is the increase in response as a function of running speed at the time of mismatch onset, is intact in APP/PS1 mice. This is in line with the preserved neuronal tuning to moving grating stimulation in these mice, indicating that non-silenced neurons still scale incoming signals in a similar manner to WT mice and that the strongest impact is observed on the gain of neuronal responses.
Taken together, we present evidence for a diverse impact of degenerative processes on neuronal circuits in APP/PS1 mice, which is reflected in an overall reduction of stimulus-driven responses on the one hand and an increase of spontaneous, aberrant activity on the other hand, both of which affect excitatory and inhibitory neurons to a similar degree. Despite this imbalanced network activity, sensorimotor mismatch signals are selectively spared. Moreover, we demonstrate that these altered neuronal activity patterns result in an impairment of the stability of neuronal representations, a mechanism likely relevant to the cognitive decline typical of AD.
EXPERIMENTAL PROCEDURES
An extended description of experimental procedures is included in the Supplemental Experimental Procedures.
Animals

Female APP/PS1
+/À mice (bearing the Swedish double-mutation KM670/ 671NL within the APP gene, as well as a L166P mutation within the Presenilin1 (PS1) gene, both driven by the neuronal Thy-1 promoter) and APP/ PS1 À/À (referred to as WT) siblings were housed in groups of three to six individuals in standard cages, with standard bedding and additional nesting material. Food and water were provided ad libitum. Mice were kept under a 14/10-hr light/dark cycle. In total, six APP/PS1 and five WT mice at the age of 10-11 months were included in the study. In each mouse, two to four regions at depths of 120-200 mm below the pial surface were imaged, resulting in a total number of 1,350 cells (n = 22 experiments) in APP/PS1 and 1,399 cells (n = 21 experiments) in WT mice. All animal procedures followed a protocol approved by the local authorities (Regierung von Oberbayern).
Experiment Design
Two LCD monitors arranged at an angle of 60 to one another in front of the mouse were used to display full-field vertical gratings. This monitor configuration covered 180 along the horizontal axis and 50 -65 along the vertical axis of the mouse's visual space [13] . Visual flow of vertical full-field moving sinusoidal gratings with a spatial frequency of 0.04 cycles per degree was either coupled to the running velocity of the mouse (closed-loop or feedback configuration) or uncoupled from actual running speed, during re-play of the visual flow of the previous feedback session (open-loop or playback configuration). In some experiments, short interruptions of 1 s duration (perturbations) of the visual flow were introduced while the mouse was in closedloop configuration. These perturbations were used to induce sensorimotor mismatch signals. Each experiment was carried out in the following sequence, with the mouse free to run throughout ( Figure 1C) : first, 8.3 min (20,000 imaging frames) of visual feedback with interspersed brief perturbations of the visual flow (Poisson distribution, on average 5/min) was conducted, followed by a ''pure'' 8.3-min feedback session without any perturbations and a subsequent 8.3-min playback session, where visual flow of the initial experiment (feedback with perturbations) was re-played. Subsequently, all lights were switched off, and the mouse was allowed to dark adapt for 30 min. The second part of the experiment consisted of 6.25 min (15,000 imaging frames) recorded in darkness.
To assess orientation and direction tuning, we presented sinusoidal gratings with a temporal frequency of 2 Hz and a spatial frequency of 0.04 cycles per degree at eight different directions spaced by 45 . Each trial consisted of 8 s of standing grating, followed by 6 s of moving grating. The complete stimulus set was repeated ten times, with a random order of directions. Mice were free to run throughout the experiments.
Statistics
Unless stated otherwise, we employed a Student's t test or a Wilcoxon rank-sum test in case of non-normality to compare fractions. Cumulative distributions were analyzed with the Kolmogorov-Smirnov test (KS test). The difference between population responses was tested by comparing the average area under the curve between 0.5 and 2. 
